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Abstract Characterizing the mechanical behavior of living tissue presents an interesting
challenge because the elasticity varies by eight orders of magnitude, from 50Pa to 5GPa. In
the present work, a non-destructive optical fiber photoelastic polarimetry system is used to
analyze the mechanical properties of resected samples from porcine liver, kidney, and
pancreas. Using a quasi-linear viscoelastic fit, the elastic modulus values of the different
organ systems are determined. They are in agreement with previous work. In addition, a
histological assessment of compressed and uncompressed tissues confirms that the tissue is
not damaged during testing.
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1. Introduction

Compressive testing is one of the most robust methods for measuring the mechanical
properties of tissues due to the large range in Young’s Modulus values, from 50Pa-5GPa
[1,2]. However, current techniques either suffer from poor spatial resolution or require
destructive sample processing. For example, the large sensor area in rheology systems results
in a poor spatial resolution, on the order of centimeters. To address this, researchers turned to
Atomic Force Microscopy (AFM) [3-5]. However, destructive sample preparation is
required, preventing further imaging and molecular analysis. Given these issues, researchers
have begun to develop alternative approaches. Several elastography methods have been
developed in an attempt to bridge these traditional techniques, including ultrasound
elastography, magnetic resonance elastography, and optical coherence elastography [6].
However, there remain issues with resolution and understanding tissues with micron-scale
heterogeneity. Parallel efforts have emphasized single cell methods, leaving tissue-level
analysis out of reach [7-9].

Optics is a robust platform for bio/chemical sensors because devices can be constructed
with small and adjustable sensing regions. Previous work has focused on refractometric
approaches where the signal is generated when a molecule directly disturbs the optical field
[10]. Recently, optical fiber sensor research has expanded from evanescent field detection to
include approaches based on the photo-clastic (PE) effect [11, 12]. In PE sensors, the optical
field does not directly interact with the sample. Therefore, the transmitted power is more
stable and the sensor is less susceptible to degradation. A variant of PE detection is PE-
induced polarization detection. In this approach, the change in the refractive index induces a
change in the polarization state of the optical field. Because this approach is less susceptible
to noise, it offers an improvement in overall detection sensitivity while maintaining the other
advantages of a PE detection method. For example, in previous work, an optical fiber
polarimetric elastography instrument demonstrated the ability to detect sub-mm collagen
membranes embedded in mm-thick slices of salmon muscle [13]. However, a key milestone
in the development of this system is the non-destructive characterization of freshly excised
tissues in the delay phase before rigor mortis. This achievement has yet to be shown.

In the present work, optical fiber photoelastic polarimetry (PEP) is used to analyze the
material properties of freshly excised porcine liver, kidney, and pancreas tissue before the
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onset of rigor mortis. Histological analyses demonstrate that the tissue is undamaged at the
microscale after compressive testing. A Quasi-linear viscoelasticity (QLV) model is used to
analyze and fit the experimental data, providing a rigorous approach for analyzing the organ
mechanical properties. Notably, this study demonstrates that the PEP method is able to
maintain high resolution of mechanical behavior analysis in core biopsy samples without a
priori damaging sample preparation.

2. Materials and methods
2.1. Optical fiber photoelastic polarimetry (PEP)

The detection system combines conventional compressive testing with an optical fiber PEP
sensor. The sensor is located under the tissue sample, and compression is applied vertically
via a motorized plunger (Fig. 1). A 1.5SmW 1550nm laser is connected to an in-line fiber
polarizer before the light enters a section of polarization maintaining (PM) optical fiber,
which runs under the 7mm x 7mm x 4mm sample to create the sensor. The diameter of the
optical fiber sensor is 250um, and the optical mode field diameter, which is the reactive
region of the fiber, is 6.6 um. A polarimeter is connected to the output of the fiber to detect
the polarization state, which is recorded on a laptop.

The duration of the loading-unloading interval is 30 seconds (15 seconds loading and 15
seconds unloading), and data is taken every 30ms for a total of 1024 data points. The three
Stokes parameters are used to determine the change in polarization state (APol) due to
compression [11, 14]. The APol is directly proportional to the stress within the sample. The
instrument is reconfigured each day, and the PM optical fiber sensor is replaced. For each
sample, three strains (10%, 20%, and 30%) are applied for the measurements. Each strain is
tested five times, and N>75 samples are tested to ensure reproducibility of the results.
Additional details can be found in previously published works [11, 14].

Micrometer

/ Polarimeter

Polarizer

Bare Fiber Adapter

Bare Fiber Adapter

Fig. 1. Rendering of the testing setup demonstrating the position of the sample, optical fiber
and compressive stage.

2.2. Histological analysis

Matched pairs of compressed and uncompressed samples from each organ are fixed in 10%
neutral buffered formalin for 24 hr, paraffin-embedded, and sectioned at Sum thickness.
Hematoxylin and eosin (H&E) stains are performed according the manufacturer's instructions
(Leica Biosystems). All of the tissues from a given organ are prepared together.

2.3. Quasi-linear viscoelasticity theory

The predominant method for fitting loading-unloading curves within the biomaterials
community is the Quasi-Linear Viscoelasticity (QLV) method [15—-17]. This method provides
material constants that can directly be compared between samples and measurements [16].

The QLV uses the relaxation function (G(t)) and the elastic stress response o°(€) to
determine the stress at a specific time and strain [15]:
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the time constants of relaxation.
The elastic stress response is o° (&) = A(eB‘ —1) , where A is the elasticity parameter and

B is the non-linearity parameter. Specifically, B describes the exponential increase in stiffness
with increasing strain, which is due in part to the collagen makeup and cellular plasticity [18].

2.4. Preparation of porcine samples

Twelve pigs were used for testing. A section of tissue, approximately 10cm x Scm x Scm, was
excised from each of the three organs, and tested within two hours. The pigs were alive and
under anesthesia during resection. The samples were placed in RPMI on ice until testing. The
studies were conducted under Department of Animal Resource Tissue Request Form 10843.

3. Results
3.1. Histology results

Figure 2 shows representative H&E images from tissues compressively tested with the optical
fiber PEP device. Hematoxylin (blue/purple) stains acidic components of the tissues (DNA),
and eosin (pink) stains basic components of the tissues (ECM). The H&E stain can be used to
indicate the damage to microstructures within the tissue, and if the individual cells and nuclei
remain intact. A cursory inspection of Fig. 2 indicates that the nuclei and cellular borders
remain intact and distinct in all tissue types, verifying that the compressive testing has
minimal impact on the cellular structure.

Fig. 2. Histology images from each of the three organs: (a) uncompressed and (b) compressed
liver sample, (¢) uncompressed and (d) compressed kidney sample, (¢) uncompressed and (f)
compressed pancreas sample. The arrows indicate microstructures of interest.

For the liver (Fig. 2(a) and 2(b)), hepatocytes are used to identify whether damage occurs.
Hepatocytes are the primary component of the liver, making up more than 70% of liver cells.
They synthesize proteins and filter exogenous and endogenous compounds within the liver
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[19]. By comparing the uncompressed (Fig. 2(a)) to the compressed liver tissue (Fig. 2(b)), it
is clear that the hepatocytes remain intact, confirming that testing does not impact the tissue
structure. Though not shown, the portal triads and the central veins remained intact.

For the kidney (Fig. 2(c) and 2(d)), the glomerulus is used to identify whether damage
occurs due to its complex structure and distinct characteristics. The glomerulus is a network
of capillaries in the kidney where the blood is filtered [19]. By comparing the structure of the
glomerulus in the images of the uncompressed (Fig. 2(c)) and the compressed (Fig. 2(d))
kidney tissue, it is clear that the glomerulus is not affected by testing. The nuclei are intact
and red blood cells are intraluminal, indicating capillary walls remain intact. Though not
depicted in Fig. 2, the proximal and distal tubules also remained intact.

For the pancreas (Fig. 2(e) and 2(f)), the acinar cells are used to identify whether damage
occurs to the tissue. The acinar cells are exocrine cells within the pancreas, which produce
enzymes [19]. Due to their unique structure and enzymatic load, they are selected as the
marker of damage. By comparing the structure of the acinar cells in the images of the
uncompressed (Fig. 2(e)) and the compressed (Fig. 2(f)) pancreas tissue, it is clear that the
acinar cells are not affected. Though not depicted in Fig. 2, the ducts and islets remained
intact with crisp nuclei and clear cellular borders.

3.2. Optical fiber PEP results

The loading-unloading curves for each organ at 10%, 20%, and 30% strain are shown in Fig.
3. Each loading-unloading curve is normalized to start at (0,0). Therefore, for all samples,
there is a negative final APol value for each unloading curve. This indicates that there is
residual strain within the sample between susbsequent runs. The accumulation of residual
strain signifies that there is irreversible compression of the tissue.

The liver exhibits a very linear response, at 10% strain in the loading-unloading curves,
indicating an elastic response (Fig. 3(a)). Of the three organs tested, the liver had the most
consistent and linear response at this strain. As the strain increases, the liver begins to exhibit
some viscoelastic behavior as indicated by hysteresis in the loading-unloading curves. The
results for the kidney and the pancreas show definitively different behavior than the liver at
10% strain (Fig. 3(b) and 3(c)). Both exhibit viscoelastic behavior, even at 10% strain.

— . . 0.04 ————1——————7—— 0.12 —— ————r
0.08 Liver = Run | ] Kidney = Run | Pancreas, = Run |
s Run 2 — }éun 2 0.08 | — Eun %
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Fig. 3. (a) Loading-unloading curves from a liver sample. (b) Loading-unloading curves from a
kidney sample. (c) Loading-unloading curves from a pancreas sample.

The relative change in polarization (APol) increases linearly as the strain increases. The
maximum APol values provide a baseline for understanding the relative stiffness of the tissue.
One would expect the total APol to increase from liver to kidney to pancreas. However,
because the device is reconfigured and the optical fiber is replaced each day, the alignment of
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the fast and slow axis of the PM fiber sensor rotates, changing the sensor response. Another
consequence of this variable alignment is that the kidney results at 10% strain appear more
noisy than the other two organs. This indicates the alignment of the optical fiber was closer to
the limit of detection when the kidney was tested. This effect motivated the use of the QLV fit
method to determine the elasticity values.

The non-linearity of the mechanical behavior increases as the strain increases. In the
kidney at 30% strain, there is a flattening of the curve at the end of the compression,
indicating the reversible rearrangement of internal microstructures (Fig. 3(b)). In the pancreas
at 30% strain, the flattening of the curve is even more pronounced (Fig. 3(c)). This response
is likely due to the unique microstructure within the pancreas. The precise structure that could
give rise to this behavior is actively under investigation.

3.3. QLV fitting results

To determine the material coefficients for different organs, we fit our experimental data for
strain and APol (a stress) in Matlab to the QLV model. The result is a numerical solution for
each of the five coefficients: A, B, C, 7,, and 7,. Example data sets and associated QLV

model fits are presented in Fig. 4 for each organ. The QLV model is able to accurately fit
each of the three organs, although it has some difficulty fitting the flattening at the end of the
high strain curves for the kidney and pancreas. The QLV fit is applied to each loading-
unloading curve, so that the results can be compared within data sets from the same organ and
across data sets from different organs. Comparing the fit of the data across different organs is
an example of using the fit to correlate data sets with variable device configuration. This is
because each of the organs is tested on a different day and the optical fiber alignment is
slightly changed every time the disposable fiber sensor is replaced.

~7Pancreas

Liver 0.14 Kidne,
0.24 Y Mean Squared Error: 0.074

Mean Squared Error: 0.005 Mean Squared Error: 0.006

A Pol

W Data 0.0 W Data 0.04 [ | Duluv )

== QLV Fit . = QLV Fit L . = QLV Fit

0.0 0.1 0.2 0.0 0.1, 0.2 0.0 0.1, 0.2
Strain (b) Strain (©) Strain

Fig. 4. Plot of data from a single loading-unloading curve for (a) liver, (b) kidney, and (c)
pancreas with the corresponding QLYV fit. The data and fit are from Run 2 at 20% strain.

The coefficients determined from the QLV fit of the experimental data, and energy loss
are plotted in Fig. 5. The elastic modulus of the material is represented by coefficient A (Fig.
5(a)). Because it is determined from the fit of the loading-unloading curve, coefficient A is
independent of the device configuration. Therefore, it can be used to compare multiple organs
across different days of testing. The general trend in the measurements is as the strain
increases the elastic modulus increases. This behavior is commonly observed in viscoelastic
materials [2, 20]. The experimentally determined range of elastic modulus values using the
optical fiber PEP method and QLV fit is 0.1-0.5 KPa for liver, 0.15-0.9 KPa for kidney, and
0.2-8.0 KPa for pancreas. Our results are within the range of previously published elastic
modulus values [1, 2, 20-24]. Previously reported elastic modulus values vary due to several
factors, including the animal model, sample preparation method, and mathematical fit used.
Therefore, we determine the QLV fit provides a realistic value for the elastic modulus.
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Fig. 5. Summary of (a) coefficient A- elasticity parameter, (b) coefficient B - non-linearity
parameter, (c) coefficient C - damping coefficient, and (d) energy loss.

Coefficient B represents the non-linearity within the system (Fig. 5(b)). This has several
contributing factors including the ECM composition and cellular plasticity. The general trend
in the measurements is that as the strain increases, the non-linearity decreases. This response
is due to the fact that as the rate of compression increases, the impact of the different non-
linear components decreases. The amount that B changes with strain in liver and pancreas is
significantly less than in kidney. This is because the kidney’s micro-architecture and cellular
diversity is significantly more complex than either the liver or the pancreas [19].

Coefficient C represents the damping coefficient of the material (Fig. 5(c)). The damping
coefficient is an intrinsic material property that indicates whether a material will return
energy to a system. It has previously been used to determine the amount of mechanical energy
dissipated in biomaterials [25]. The damping coefficient helps elucidate the impact of
multiple runs on the mechanical properties of the tissues. While the QLV fit can provide
information about the energy dissipated within the sample, the values decrease in accuracy as
strain increases. This is in part due to the poor fit of the model at the extremes of the data.

Energy loss represents the irreversible compression and destruction of microarchitectures
of the material due to repeated compression (Fig. 5(d)) [26]. To determine a value
proportional to the energy loss, the area between the loading-unloading curves is calculated.
The general trend in the measurements is the energy loss decreases with consecutive
compressions at high strain, indicating the samples may undergo physical changes as a result
of the compression. While these results appear to contradict the H&E images in Fig. 2, it is
important to realize that the histology focused on microscale defects. There are several
hypotheses for the precise mechanism of energy dissipation, which are currently under further
investigation.

4. Conclusions

Using the portable optical fiber PEP instrument in combination with a QLV model, the
mechanical properties of three different porcine organs are successfully measured. The values
for the elastic modulus agree with previously published work. Using histology, it is
determined that the method does not damage the tissue. This work sets the stage for future
research studying the time-dependent properties of living tissue as well as correlating
microscale architecture with molecular and cellular features. Additionally, based on these
same fundamental properties, future work in the device arena will include developing smaller,
integrated versions of this instrument for in situ testing.
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